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Tobaccoa b s t r a c t
Type III polyketide synthases (PKSs) catalyze the biosynthesis of various medicinally important sec-
ondary metabolites in plants, but their role in growth and stress response is unclear. Here, we over-
expressed quinolone synthase (QNS) from bael in tobacco. QNS-overexpressing plants showed an
overall increase in growth, photosynthetic efﬁciency and chlorophyll content compared to wild type
plants. Second-generation (T2) transgenic plants grew to maturity, ﬂowered early and set viable
seeds under favorable conditions without yield penalty. An increased accumulation of ﬂavonoids,
phenols and alkaloids was associated with higher tolerance to drought and salinity stress in trans-
genic plants. Thus, bael QNS seems to function as a positive regulator of plant growth and stress
response, and could be potentially used for engineering plants tolerant to abiotic stress.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Type III PKS superfamily of enzymes catalyzes the biosynthesis
of diverse type of secondary metabolites in plants such as
chalcones, resveratrols, benzophenones, quinolones and diarylhep-
tanoids like phenylphenalenones, curcuminoids etc. [1,2]. They are
homodimer proteins where the active site in each subunit itera-
tively catalyze the priming, extension and cyclization reactions to
generate an array of plant phenylpropanoids (of secondary biosyn-
thetic origin) including ﬂavonoids (Fig. 1). An interesting feature of
plant type III PKSs is that it shows an extremely broad substrate
speciﬁcities. They can readily accepts a wide variety of unnatural
substrates, including aromatic and aliphatic thioesters and
produces novel, unexpected products with profound medicinal
importance [3].
The secondary metabolites synthesized by Type III PKS in plants
provide protection against various environmental stresses. They
played a key role in the early evolution of land plants by acting
as UV-sunscreens [4]. Chalcone synthases (CHS), the most well-
known representative of this family, are inﬂuenced by variousstresses and environmental factors such as UV, wounding or path-
ogen attack, jasmonic acid, methyl jasmonate, low temperature
and high intensity light [5]. A chalcone synthase from Sorghum
bicolor, SbCHS8 expression was reported to be induced in mesoco-
tyls with the inoculation of Cochliobolus heterotrophus and Colleto-
trichum sublineolum [6]. Recent studies reported an increased
accumulation of quercetin (a phenolic compound) derivatives in
Physcomitrella patens following ultraviolet-B (UV-B) radiation [7].
Moreover, an increased expression of stilbene synthase (STS),
another well characterized type III PKS catalyzing the biosynthesis
of stilbenes (resveratrol) were reported in response to various bio-
tic and abiotic stresses [8]. Xu et al. [9] reported the isolation of a
stilbene synthase promoter from Vitis pseudoreticulata induced
under pathogen, cold and salicyclic acid treatment.
Although the number of identiﬁed diverse type III PKS family
of enzymes is growing exponentially, the role of only a few like
CHS and STS were extensively studied in transgenic plants. CHS
gene was over-expressed for increasing the production of lignin
content in Linumus itatissimum [10], phenolic acids and anthocy-
anin in potato tubers [11] and ﬂavonolignans in hairy root
cultures of Silybum marianum [12]. Moreover, over-expression of
CHS gene in tobacco plants resulted in white ﬂowers [13]. The
over-expression of STS gene in various plants like tobacco,
tomato, and alfalfa resulted in the accumulation of either resvera-
trol or its glucoside which confers improved disease resistance to
the plants [14–17].
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marmelos Corr. which catalyze the biosynthesis of quinolones [2].
Quinolones are naturally occurring anthranilic acid-derived
alkaloids found in a limited number of plant species of the family
Rutaceae [18]. QNS is a unique type III polyketide synthase (PKS)
that exhibits unusually broad substrate speciﬁcity to produce var-
ious aromatic polyketides. QNS catalyzes the condensation of N-
methylanthraniloyl-CoA with one malonyl-CoA to produce 4-
hydroxy-2(1H)-quinolone; but with p-coumaroyl-CoA and one
molecule of malonyl-CoA to produce p-hydroxybenzalacetone [2]
(Fig. 1). The present study reports the over-expression of QNS in
Nicotiana tabacum var. petita hybrid and evaluation of its effect
on the germination and physiological response of transgenic plants
under favorable, salinity and drought stressed conditions. QNS
over-expressing plants showed an overall increase in growth and
other physiological responses under non-stressed conditions.
Moreover, the ectopic expression of QNS conferred enhanced toler-
ance under salinity and drought stressed conditions.
2. Results
2.1. Over-expression of QNS improves plant vigor under favorable
growth conditions
To study the effect of over-expression of QNS in a heterologous
system, where its preferable substrates are likely un-available, we
have transformed tobacco plants with the binary vector pMDC85-
QNS-GFP, in which the A. marmelos quinolone synthase gene is
under the control of 2X35S promoter of Cauliﬂower mosaic virus.Fig. 1. Metabolic ﬂow from shikimate to ﬂavonoid and quinolone alkaloid via
phenylpropanoid pathway. Key enzymes are indicated in arrow (upper case). PAL,
phenylalanine-ammonia lyase; STS, stilbene synthase; CHS, chalcone synthase;
QNS, quinolone synthase; CoA, coenzyme A. Hydroxybenzalacetone formation by
bael QNS is shown in dotted square box.The expressed protein will also contain a GFP epitope tag at its C
terminus. Ten hygromycin-resistant independently transformed
transgenic plants were selected (T0 generation), grew them to
maturity and rose up to T2 generation. Three different lines (TG1,
TG4 and TG5) of T2 generation were selected and used for further
analysis. PCR of genomic DNA were used to identify the presence
of transgene in the selected T2 lines (Fig. 2A). Quantitative PCR
analysis indicated the presence of QNS transcripts in all transgenic
lines but not in the WT tobacco (Fig. 2B). In order to examine the
presence of QNS protein in the transgenic lines, Western blot anal-
ysis with anti-GFP epitope antibodies was performed. A cross-
reacting band matching to the size expected of QNS-GFP in all of
the three transgenic lines was observed which was absent in the
WT plant (Fig. 2C).
To evaluate whether over-expression of bael QNS have any
effect on the overall plant growth and development, experiments
were conducted to compare various growth parameters like shoot
and root biomass, shoot length, root length, leaf area etc. in trans-
genic lines and WT plants grown in greenhouse. The transgenic
plants exhibited a signiﬁcantly altered growth rate and were taller
with their average stem diameters enhanced by 11–13% than those
of WT plants. The shoot biomass in transgenic plants was signiﬁ-
cantly higher with an overall increase of 2.5 fold in fresh weight
and 1.7 fold in dry weight (Table 1). The physiological observations
summarized in Table 1 suggested that under favorable growth con-
ditions, the plants with QNS over-expression developed profuse
root and shoot systems to support an increase in growth and
biomass.
Surprisingly transgenic lines bolted earlier than WT plants
(Fig. 3). The number of days required for ﬂowering and seed weight
or pod weight of the transgenic and WT were also recorded. The
transgenic plants ﬂowered much earlier with almost 50% reduction
in ﬂowering time as compared to WT plants and were also having a
considerable increase in seed or pod weight (Table 2).
2.2. Physiological assessment of transgenic plants under favorable
conditions
When seeds of T2 generation transgenic plants (TG1, TG4 and
TG5 lines) were placed in MS medium, they showed 100% germina-
tion rate with an early response to germination as compared to WT
plants (Fig. 4A and B). The seedlings also showed altered morphol-
ogy with an overall increase in leaf size and root length (Fig. 4C).
An overall increase in chlorophyll a, chlorophyll b and total chloro-
phyll contents were also observed in transgenic plants (Fig. 4D). To
test whether the overall increased chlorophyll content in trans-
genic lines are in line with increased photosynthetic efﬁciency,
we examined several physiological parameters that control plant
vigor. The various parameters studied included the transpiration
rate, photosynthesis rate, chlorophyll ﬂuorescence parameter Fv/
Fm (for testing the vitality of photosystem II); light response curve
or net CO2 uptake rate, intercellular CO2 concentration (Ci) and leaf
conductance. The QNS over-expressing plants showed signiﬁcantly
higher photosynthesis rates, transpiration rates, leaf conductance,
net CO2 uptake rate, Ci and Fv/Fm than non-transformed control
plant (Fig. 5A–F) when grown under favorable growth conditions.
The results suggest a positive relation between QNS over-expres-
sion and increased growth vigor.
In order to study the effect of QNS over-expression on the over-
all secondary metabolite production in tobacco, a phytochemical
analysis was carried out. An overall increase of 1.75–2 fold in total
ﬂavonoid, 2.3–6.4% in total phenol and 64–85% in total alkaloid
contents were noticed in transgenic plants as compared to WT
plants (Table 3) under normal condition. The major in vitro product
of QNS, 4-hydroxy-1-methyl (2H) quinolone (% w/w) was not
detected in any of the transgenic sample tested. These ﬁndings
Fig. 2. PCR, RT-PCR and Western blot analysis for QNS in transgenic tobacco plants and wild-type (WT). (A) PCR analysis of genomic DNA in WT and T2 transgenic lines (TG1,
TG4 and TG5). The expression level of the ef1a gene was used as an internal control. (B) RT-PCR in WT and transgenic TG1, TG4 and TG5 tobacco plants. The expression level of
the ef1a gene was used as an internal control. Data are identical from three independent biological replicates. Relative gene expression was given as the fold expression
change using the equation 2ddCt. Data are presented as mean ± S.E. (n = 3) and error bars represent S.E. (C) Western blot analysis with anti-GFP Ab. M: Marker.
Table 1
Comparison of shoot length (SL, cm/plant), root length (RL, cm/plant), leaf area (LA, cm2/plant), fresh weight (FW, g/plant), plant dry weight (DW, g/plant) of WT and T2 transgenic
plants (TG1, TG4 and TG5) grown under normal (non-stress), salinity (250 mM NaCl) and drought (200 mM mannitol) conditions for 45 d.
Clone Condition Parameters
SL RL LA FW DW
WT Normal 51.03 ± 1.9 10.67 ± 1.0 60 ± 0.9 40.58 ± 0.3 8.23 ± 1.3
Salinity 13 ± 0.8 5.6 ± 1.7 17 ± 1.6 15.8 ± 1.2 2.75 ± 0.9
Drought 21 ± 1.4 6.4 ± 0.4 21 ± 0.8 16.75 ± 0.4 3.6 ± 1.2
TG1 Normal 115.07 ± 0.2 31.0 ± 1.7 95 ± 0.9 102.03 ± 0.9 14.09 ± 1.1
Salinity 95.45 ± 1.2 22.3 ± 0.9 84 ± 0.8 89.5 ± 0.7 9.41 ± 1.7
Drought 104.56 ± 3.1 27.1 ± 1.2 88 ± 0.4 98.3 ± 1.7 11.1 ± 1.5
TG4 Normal 110 ± 1.1 29.8 ± 1.0 87 ± 2.7 101 ± 0.8 13.33 ± 1.4
Salinity 90 ± 1.5 20.0 ± 0.6 73 ± 2.2 78 ± 1.5 8.57 ± 1.6
Drought 98 ± 2.4 23.8 ± 3.9 82 ± 0.9 83 ± 1.3 10.08 ± 1.4
TG5 Normal 104.14 ± 1.9 30.8 ± 1.1 95 ± 0.2 97 ± 2.3 13.79 ± 1.6
Salinity 86.45 ± 0.2 21.4 ± 1.3 82 ± 0.9 79 ± 1.1 8.97 ± 3.6
Drought 94.35 ± 1.5 24.3 ± 1.2 87 ± 1.9 82 ± 2.3 10.69 ± 1.3
Each value represents mean of three replicates ± S.E. (n = 3).
Fig. 3. Representative picture of the transgenic tobacco plant (TG1 line) to show the
ﬂowering phenotype. Transgenic line bolted earlier than the WT.
Table 2
Comparison of ﬂowering time and seed weight of WT and T2 transgenic plants (TG1,
TG4 and TG5).
Parameter WT TG1 TG4 TG5
Flowering time (d) 175 ± 1.30 90 ± 1.29 92 ± 0.88 96 ± 1.23
Seed weight/pod*
(Milligrams)
60 ± 1.4 146 ± 2.1 159 ± 2.6 139 ± 1.6
Each value represents mean of three replicates ± S.E. (n = 3).
⁄ The data recorded from plants harvested at maturity (150 d).
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olite contents in tobacco rather than the production of quinolones.
Phenylalanine ammonia lyase (PAL) is the key enzyme of the
phenylpropanoid and ﬂavonoid biosynthetic pathway [19]. PALcatalyzes the transformation of L-phenyalanine to trans-cinnamic
acid; the latter is the prime intermediary in the biosynthesis of
phenolics and ﬂavonoids. Hence we studied the expression of PAL
in transgenics. The increase in PAL gene expression in transgenic
lines (TG1, TG4 and TG5) was in line with the total increase in ﬂavo-
noids and phenolics (Fig. 6).
2.3. Over-expression of QNS enhanced early seedling tolerance under
drought and salt stress
To study the response of QNS transgenic lines against hyperos-
motic stress, transgenic (TG1, TG4 and TG5) and WT plants were
Fig. 4. Analysis of QNS transgenic (TG) andWT plant under normal growth conditions. (A) Representative pictures to show the germination of T2 transgenic (TG1 line) andWT
seeds in MS medium (normal). (B) Percentage of germinating seeds of WT and TGs grown on MS medium. (C) Representative seedlings of WT and T2 transgenic (TG1 line)
plants taken after 15 d of germination on MSmedium. (D) Chlorophyll content from leaves of WT and T2 transgenic lines (TG1, TG4 and TG5). Data are presented as mean ± S.E.
(n = 3) and error bars represent S.E. Data shows a signiﬁcant difference of chla orchl b content between TG and WT controls at P < 0.0001, by Student’s t-test.
Fig. 5. Physiological assessment of QNS transgenic tobacco T2 transgenic lines (TG1, TG4 and TG5) and wild-type (WT) plants. (A) Net CO2 uptake rate measured at a PPFD of 20
and 2000 lmol quanta m2 s1 and 400 p.p.m. CO2, (B) net photosynthetic rate, (C) transpiration rate, (D) inter-cellular CO2 concentration, (E) leaf conductance and (F)
photosynthetic efﬁciency.
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transgenic lines and WT plants were germinated on Murashige
and Skoog media containing 250 mM NaCl or different levels of
mannitol (100–500 mM). Under salinity stress, germination of
WT seeds was signiﬁcantly impaired whereas transgenic seeds
were less affected (Fig. 7A shows the representative picture of ger-
mination of seeds of TG1 line). Even after 14 d on high salt medium
(250 mM NaCl), only 2% of the WT seeds germinated, but morethan 75% of transgenic seeds germinated (Fig. 7B) and continued
their growth normally. Eighteen days after salt stress, more than
90% of transgenic plants germinated and showed better growth,
whereas only 5% of WT plants were able to germinate (Fig. 7B).
Importantly, WT plants were having shorter roots; smaller leaves
and lesser root/shoot biomass as compared to transgenic seedlings
of similar growth status (Fig. 7C and Table 1). The osmotic stress
tolerance of transgenic plants were studied by leaf disc senescence
Table 3
Biochemical contents in WT and T2 transgenic lines (TG1, TG4 and TG5).





WT 2000 ± 1.26 N/A 220,000 ± 2.65 14,000 ± 0.66
TG1 4000 ± 2.04 N/A 230,000 ± 1.12 25,000 ± 1.34
TG4 3500 ± 1.2 N/A 225,000 ± 0.04 23,000 ± 3.04
TG5 4200 ± 2.31 N/A 234,000 ± 1.90 26,000 ± 2.02
All data correspond to mean values ± S.D. of three biological replicates. N/A, not
available.
Fig. 6. Expression proﬁle of PAL gene in transgenic tobacco T2 lines, (TG1, TG4 and
TG5) and WT. All mRNA transcripts expressed in transgenic plants were quantiﬁed
relative to those expressed in WT tobacco. The expression level of the ef1a gene was
used as an internal control. Data are identical from three independent biological
replicates. Relative gene expression was given as the fold expression change using
the equation 2ddCt. Data are presented as mean ± S.E. (n = 3) and error bars
represent S.E.
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plants were kept separately on 250 mM NaCl (salinity stress) or
H2O for 96 h. Stress-induced damage were measured by the degreeFig. 7. Germination rate and early seedling development of T2 transgenic (TG1 line) a
germination of T2 transgenic and WT seeds in 250 mM NaCl. (B) Percentage of germinati
medium supplemented with 250 mM NaCl. (C) Representative seedlings of WT and T2 t
250 mM NaCl. (D) Representative pictures to show phenotypic differences in leaf disks
content from leaf disks of WT and T2 transgenic lines (TG1, TG4 and TG5) after incubation
(n = 3) and error bars represent S.E. Data shows a signiﬁcant difference of chla orchl b con
TG1 alone is provided here for leaf disc and plate germination assay of the transgenic pof bleaching in the leaf tissue after 96 h which were lower in QNS
over-expressing lines as compared to those from the WT plants
(Fig. 7D). The total chlorophyll content of NaCl-stress induced leaf
disks from both transgenic and WT plants (Fig. 7E) were also mea-
sured which provides further evidence about the role of QNS in
enhancing tolerance to salinity stress.
Under water-deﬁcit stress, WT seed growth was severely
impaired even at lower concentration; with smaller leaves and les-
ser root/shoot biomass, whereas transgenic lines were less affected
(Fig. 8A and B and Table 1). At higher concentrations (300 and
400 mM mannitol), WT germination was severely affected or even
absent, whereas transgenic germination was more or less unaf-
fected (Fig. 8A). However, at 500 mM mannitol, transgenic seed
germination was only 10% (Fig. 8A and C). Hence an early seedling
tolerance was shown by transgenics to mannitol-induced drought
stress. To study the drought tolerance of mature plants, leaf disks
from transgenic (T2 generation) and WT tobacco plants were kept
on solution containing 200 mM mannitol (drought stress) or H2O
(control) for 96 h (200 mM mannitol was selected since WT seeds
were able to germinate and grow normally only up to concentra-
tions of 200 mM). Stress-induced damage which was measured
by the degree of bleaching and loss of chlorophyll was lower in
QNS over-expressing lines as compared to WT plants (Fig. 8D and
E). To summarize, the QNS over-expressing lines showed an
enhanced tolerance to salinity and drought stress.
As water retention is a major stress adaptation against osmotic
stress, we have examined the relative water content (RWC) of
transgenic and WT plants. During salinity stress, the RWC ranged
from 70% to 89% in the transgenic plants, whereas it was only
48% in the WT plants (Fig. 9A). After 4 weeks of drought stress
treatment, the RWC in the transgenic plants ranged from 70% to
90% whereas it was only 55% in the WT plants (Fig. 9B). The phys-
iological parameters described in Table 1 gives a clear picture
about the stress tolerance shown by T2 transgenic plants compared
to wild type plants when grown under salt/drought stress for 45 d.nd wild type (WT) under salinity stress. (A) Representative picture to show the
ng seeds of wild type (WT) and T2 transgenic lines (TG1, TG4 and TG5) grown on MS
ransgenic line taken after 15 d of germination on MS medium supplemented with
of WT and T2 transgenic line after incubation in 250 mM solutions. (E) Chlorophyll
in MS medium supplemented with 250 mM NaCl. Data are presented as mean ± S.E.
tent between TG and WT controls at P < 0.0001, by Student’s t-test. Data for the line
lants. Experiments were performed on all three different lines with similar results.
Fig. 8. Germination rate and early seedling development of T2 transgenic (TG1 line) and wild type (WT) under osmotic stress. (A) Representative picture to show the
germination of WT and T2 transgenic seeds on MSmedium supplemented with 200, 300, 400 and 500 mMmannitol. (B) Representative seedlings of WT and T2 line taken after
15 d of germination on MS medium supplemented with 200 mM mannitol. (C) Percentage of germinating seeds of wild type (WT) and T2 transgenic lines (TG1, TG4 and TG5)
grown on MSmedium supplemented with different concentrations of mannitol (100–500 mM). (D) Representative pictures to show phenotypic differences in leaf disks of WT
and T2 transgenic plants after incubation with 200 mM mannitol solution. (E) Chlorophyll content from leaf disks of WT and T2 transgenic lines (TG1, TG4 and TG5) after
incubation in MS medium supplemented with 200 mMmannitol. Data are presented as mean ± S.E. (n = 3) and error bars represent S.E. Data shows a signiﬁcant difference of
chla orchl b content between TG and WT controls at P < 0.0001, by Student’s t-test. Data for the line TG1 alone is provided here for leaf disc and plate germination assay of the
transgenic plants. Experiments were performed on all three different lines with similar results.
Fig. 9. Analysis of relative water content (RWC) of QNS transgenic (T2) and WT plants under drought and salinity stress. QNS-expressing transgenic (TG) tobacco plants
exhibited higher relative water content (RWC) under salt and water deﬁciency conditions. T2 Transgenic lines TG1, TG4 and TG5 and wild-type (WT) plants grown under
normal conditions in growth room, subjected to water withholding or salt stress for 4 weeks and then examined for RWC. Plant leaf tissues were carefully clipped at the
indicated dates and used for measuring RWC. (A) RWC for salt stress and (B) RWC for drought stress. Data are presented as mean ± S.E. (n = 3) and error bars represent S.E.
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Type III PKSs forms a group of fascinating biosynthetic enzymes
involved in the production of an array of diverse polyketides that
have applications in various agricultural crop improvement pro-
grammes and in the pharmaceutical industry. They are also
involved in many plant physiological processes including improve-
ment of plant microbial resistance, quality of crops, or sometimes
associated with speciﬁc traits such as color or sterility as are
reported by transgene or antisense expression studies [1]. Despite
the extensive studies on the biological functions of many type III
PKSs, little is known about their role in plant’s growth, develop-
ment and stress responses. The ﬁndings in this study have shown
that the over-expression of QNS, a Type III PKS enzyme involved
in the biosynthesis of quinolone alkaloids [2], enhances growth
and physiological characteristics including photosynthetic param-eters in tobacco. Moreover, QNS over-expressing tobacco plants
have improved adaptation against drought and salinity stress.
3.1. QNS over-expression has positive effects in tobacco
To study the role of QNS in a heterologous plant system, we
have over-expressed the bael QNS in tobacco as a GFP fusion pro-
tein. QNS over-expressing plants have better growth pattern and
out-performed WT plants in all the parameters studied. The
enhanced growth parameters, ﬂowering and viable seed setting
of T2 transgenic lines is an indicator of the stability and functional
nature of the introduced gene. Signiﬁcant improvement in various
photosynthetic parameters like net CO2 uptake rate, photosyn-
thetic rate, Ci, leaf conductance, chlorophyll ﬂuorescence parame-
ter Fv/Fm and transpiration rate were observed in transgenic
plants. Photosynthetic parameters from intact leaves, especially
338 M.S. Resmi et al. / FEBS Letters 589 (2015) 332–341ﬂuorescence parameters, is a rapid, non-invasive screening test to
evaluate the photosynthetic capacity and the vitality of plants [20].
The better adaptability and high net photosynthetic rate in turn
affect the carbon allocation and growth rate of the QNS over-
expressing transgenic plants.
The QNS over-expressing plants have increased ﬂavonoids, phe-
nols and alkaloids, suggesting a possible involvement of QNS in
increasing secondary metabolite content. The bael QNS is reported
to accept a variety of substrates and generate multiple products
in vitro (Resmi et al. [2]). In addition to its natural substrate N-
methylanthraniloyl-CoA, QNS also accepts p-coumaroyl-CoA, the
starter CoA for general phenylpropanoid pathway, and produces
benzalacetone. In tobacco, other than the general phenylpropa-
noids, there is a report regarding the presence of benzalacetones
[21]. Since p-coumaroyl-CoA and malonyl-CoA are common sub-
strates for phenylpropanoid and benzalacetone formation (Fig. 1)
its demand will be high in tobacco. The situation in transgenic
tobacco might be that heterologously expressed QNS is unable to
recruit its speciﬁc substrate, N-methylanthraniloyl-CoA (since it
might be absent) and use alternative substrates that may be avail-
able for synthesis. Even though bael QNS has a lower catalytic efﬁ-
ciency for benzalacetone formation (as reﬂected by kcat/Km value),
its afﬁnity for p-coumaroyl-CoA was comparable with N-methy-
lanthraniloyl-CoA (as reﬂected by Km value) [2]. Hence the bael
QNS may compete with CHSs for p-coumaroyl-CoA substrate. In
order to meet the continuous demand of CoA substrates in trans-
genic plants the activity of upstream genes appeared to be
enhanced. This observation was well correlated with the overall
up-regulation of PAL, the key gene involved in p-coumaroyl-CoA
production (Fig. 6).
Altogether, in transgenic plants, there will be an increased accu-
mulation of general phenylpropanoid pathway metabolites. This is
in agreement with the recent report of Vitis riparia STS over-expres-
sion in strawberry, which caused an increased accumulation of
general phenylpropanoid pathway metabolites with the complete
absence of anticipated resveratrol or its derivatives [22]. Also the
transgene expression of two resveratrol synthases in bread wheat
failed to produce resveratrol even though its preferred substrate
is available in plenty; in turn produce two novel compounds and
showed increase tolerance toward biotic stress [23]. Similarly, a
Sorghum bicolour STS, SbSTS1 which is reported to be involved in
host and non-host defense response in sorghum accumulates stil-
bene derived compounds in transgenic Arabidopsis, whereas it
failed to produce resveratrol [6].
In addition to the changes in metabolic contents, it was found
that over-expression of QNS gene in tobacco caused early ﬂower-
ing, and thus provided an indicator for further study on the role
of Type III PKS in regulating the ﬂowering time. The observed
change in metabolite content, particularly increase in total ﬂavo-
noid content is likely to be the cause of changes in ﬂowering time.
The importance of ﬂavonoids in ﬂowering plants are mainly due to
its role in providing the ﬂoral pigment anthocyanin, as UV protec-
tants and as insect repellents [24]. The role of Type III PKSs in ﬂoral
development was also reported earlier. Alteration in ﬂoral mor-
phology were reported in transgenic tobacco plant over-expressing
a chalcone synthase gene from Phalaenopsis orchid [25]. The over-
expressed plant showed abnormality in pollen tube growth and
ﬂower limb. More research in this ﬁeld should provide a better
understanding of the molecular mechanism behind it which might
help in the engineering of maturity in agricultural crop plants.
3.2. Stress-induced physiological changes in transgenic QNS plants
Even though there have been extensive research done in eluci-
dating the functional role of PKSs in vitro, very few reports are
available about their physiological role(s) in planta, especially inrelation to abiotic stress adaptation. With the overall increase in
phenols and ﬂavonoids in the QNS transgenic, it will be worthwhile
to verify whether over-expressing plants have enhanced stress
adaptation or not. Transgenic plants showed an increased toler-
ance to salinity and drought stress as revealed by leaf disk senes-
cence assay, germination percentage, and estimation of
chlorophyll content. The role of type III PKS like CHS and STS in
stress tolerance has been well reported in plants. STS and CHS
expression are often induced by a variety of stress treatment
including biotic and abiotic stresses like elicitor treatment, patho-
gen treatment, wounding, jasmonate treatment, UV irradiation,
and post harvest wilting procedures [8,26–28]. The potential role
of QNS in the regulation of plant water status was unclear. But
the total increase in phenols and ﬂavonoids might be the reason
for the enhanced resistance shown by transgenics. Environmental
stresses, both biotic and abiotic, can lead to increased production
of free radicals and other oxidative species in plants [29,30]. Flavo-
noids are considered to be important as anti-oxidants especially in
stressed plants by acting as reactive oxygen species (ROS) quench-
ers. The antioxidant property of ﬂavonoids may either by prevent-
ing the generation of ROS or by inhibiting already formed ROS by
acting as chelating agents for transition metals like iron and copper
[31]. Flavonoids also acts as natural auxin transport regulators in
plants [32,33] thereby increasing the total root growth and thus
enabling increase in water absorption during stress conditions.
In conclusion, our ﬁnding revealed that, over-expression of bael
QNS in a non-rutacean member like tobacco resulted in an overall
increase in metabolite ﬂux toward normal phenylpropanoid path-
way thereby increasing total phenolics and ﬂavonoids. This may
indirectly confer enhanced stress tolerance on transgenic plants.
Although the exact mechanism of action of QNS in conferring stress
tolerance remains unclear, the results provide direct evidence that
the altered expression of QNS can signiﬁcantly improve plant
growth, can modify reproductive phenotype and can increase plant
tolerance to various abiotic stresses.
4. Materials and methods
4.1. Plant material and in vitro culture conditions
Surface sterilized seeds of axenic plants of tobacco (N. tabacum
var. petita hybrida) were germinated under aseptic conditions on
solid MS medium (pH 5.8). The incubation condition maintained
for germination was 25 C with a 12 h photoperiod. The plantlets
were sub-cultured after every fourth week to maintain continuous
source of explants for transformation. Leaf discs of approximately
8 mm  8 mm size dimension from 20 d old seedlings were used
for plant transformation.
4.2. Generation of QNS-GFP fusion constructs and plant
transformation
The binary vector pMDC85 [34] was used to generate the QNS
expression construct for tobacco transformation. The 1195 nucleo-
tide open reading frame (ORF) of the QNS was ampliﬁed by
polymerase chain reaction (PCR) using the forward primer 50-
ATGGTAACCATGGAGGAGATTAGA-30 and reverse primer, 50-
TCAAGCTTCGATGGGGACACTGCG-30. The resulting PCR fragment
was TA cloned into pCR8/GW/TOPO entry vector (Invitrogen,
USA), allowing the addition of attL1 and attL2 sites on the left
and right of the insert. The construct were subsequently cloned
into the binary Gateway destination vector pMDC85 having com-
patible attR1 and attR2 sites using Gateway LR clonase enzyme
mix technology (Invitrogen, USA). The destination vector, pMDC85
allows the expression of the cDNA under the control of the dual
35SCaMV promoter and the C-terminus of QNSwas fused to the
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or an empty vector alone were introduced into Agrobacterium tum-
efaciens strain EHA105 using freeze thaw method [35].
The Agrobacterium harbouring pMDC85-QNS-GFP oran empty
vector were used for leaf disc transformation of transform N. taba-
cum var. Petita hybrid by the standard transformation protocol
[36]. The transformants grown on hygromycin (25 mg/L) medium
were selected for further studies. The seeds (T0 seeds) were col-
lected frommature plants and germinated on hygromycin contain-
ing medium for raising T1 seedlings. One month old transgenic
tobacco plants grown on hygromycin resistant medium were
transferred to greenhouse in pots containing vermiculate and
ﬁnally to earthern pots ﬁlled with soil, compost, and sand (1:1:1).
Three T2 transgenic plants (TG1, TG4 and TG5) were selected and
used for the transgene expression analysis and further experi-
ments. Untransformed wild-type (WT) and empty vector-trans-
formed plants did not show any differences in all experiments.
Therefore, only data from WT plants are presented in ﬁgures.
4.3. PCR, RT- PCR and Western blotting
A total of 100 mg of fresh leaves from wild-type (WT) and T2
homozygous transgenic tobacco plants (TG1, TG4 and TG5) were
used for DNA extraction using GenElute Plant Genomic DNA Mini-
prep kit (Sigma, USA) and the target gene QNS was ampliﬁed using
gene speciﬁc primers. To assay the expression of QNS in T2 lines,
quantitative real-time PCR analysis was carried out using cDNAs
prepared from the above mentioned samples. The endogenous con-
trol used to normalize variance in the quantity of RNA and the
amount of cDNA was elongation factor 1 a (ef1a) gene. Real-time
PCR was performed on an optical 96-well plate with an ABI PRISM
7900HT Fast real-time PCR system (Applied Biosystems) using the
primer pair 50-TGCACATCTGCAGGCGTCGA-30 (forward primer)
and 50-ACGGTGGCGCCAGCATAACA-30 (reverse primer) for QNS
and 50-CCGTTCTCATCATTGACTCCACC-30 (forward primer) and 50-
ACCAAGGGTGAAAGCAAGCAAGG-30 (reverse primer) for ef1a. Each
reaction contained 2.5 lL 2X SYBR Green Master mix reagent
(Applied Biosystems, USA), 1.0 lL cDNA sample and 0.2 mM of each
gene-speciﬁc primers in ﬁnal volume of 25 lL using the thermal
cycles as follows: 50 C for 2 min, 95 C for 10 min; followed by
40 cycles of 95 C for 15 s and 60 C for 1 min. For PAL gene expres-
sion RT-PCR was carried out with ef1a as endogenous control as
conditionsmentioned above. For the expression of PAL gene, primer
pair 50- CGAGGCTGCTGCCATTATGG-30 (forward primer) and 50-
CATCTTGGTTGTGTTGCTCCG-30 (reverse primer) were used. Three
independent experiments, each one in triplicates, were carried
out in each case of RT-PCR experiments and relative gene expres-
sion was calculated by the equation 2ddCt.
For Western blot, the total protein was isolated from both WT
and T2 transgenic plants by TCA-acetone method [37]. About
twenty micrograms of total protein form both plants were sepa-
rated by electrophoresis on 12.5% SDS–PAGE and transferred onto
a nitrocellulose membrane. The membranes were blocked with 5%
milk powder and incubated with a GFP speciﬁc monoclonal anti-
body (Sigma, India) for 3 h at a 1:5000 dilution. After three times
wash to remove unbound antibody, the primary antibody bound
with GFP-tagged protein was detected with a horseradish peroxi-
dase-conjugated anti-mouse IgG secondary antibody using the
3,30-diaminobenzidine (DAB) assay.
4.4. Determination of plant growth
WT plants as well as T2 lines were analyzed at regular intervals
(15th, 30th and 45th d) to assess growth parameters like root length,
number of roots, shoots length, number of shoots etc. Dry weight of
samples were determined after overnight drying in an oven at 40 C.4.5. Transgenic plant material and stress treatments
For stress treatments, WT and T2 generation transgenic seeds of
three independent lines (TG1, TG4 and TG5) were surface sterilized
with 70% ethanol and sown on hygromycin containing 1/2 MS
medium supplemented with 250 mM NaCl (salt stress) or on dif-
ferent concentrations of mannitol ranging from 100 to 500 mM
(drought stress). They were incubated at 16 h light/8 h darkness
at 24 C in the growth chamber. The germination percentages were
measured after 15 d of sowing. Several growth parameters like
shoot length, root length, leaf area and plant dry weight were mea-
sured at 4 weeks after salinity (250 mM NaCl) or drought (200 mM
mannitol) stress treatment. Shoot and root length was measured
on meter scale. Leaf area was measured by a leaf area meter (Sys-
tronics, India). For physiological assessment, the wild-type and T2
transgenic plants (TG1, TG4 and TG5) were grown in growth cham-
ber (16 h light/8 h darkness at 24 C). These plants were then sub-
jected to salinity and water deﬁcit stresses, and 4 weeks after
stress initiation, data were recorded for relative water content
(RWC) and chlorophyll. The RWC were determined as described
by Goel et al. [38] using the formula, RWC (%) = (FW  DW)/
(TW  DW)  100.
4.6. Leaf disk assay
Leaf disk senescence assay were carried out on WT and T2 gen-
eration transgenic seeds of TG1, TG4 and TG5 plants to assess its
stress tolerance as described by Vivek et al. [39]. In brief, leaf disks
of 1.0 cm diameter were excised from healthy and fully expanded
tobacco leaves of similar age from transgenic and WT plant (45 d
old). The disks were ﬂoated in a 6 ml solution of 250 mM NaCl or
200 mM mannitol or water (experimental control) for 96 h and
then used for measuring chlorophyll a and b spectrophotometri-
cally after extraction in 80% acetone [40]. The treatment was
carried out in continuous white light at 25 ± 2 C.
4.7. Determination of photosynthetic parameters
Gas exchange measurements were done on intact mature leaves
of plants using a Portable Photosynthesis System (LI-6400XT, Li-
COR, U.S.A.). All the photosynthetic measurements were made at
a leaf temperature of 30 ± 2.0 C and at a constant CO2 concentra-
tion of 400 lmol mol1 using a CO2 injector (LI-6400-01, Li-COR,
U.S.A.). For light response curve, the light intensity was varied from
20 to 1800 lmol quanta m2 s1 with CO2 assimilation values
being logged for each light. Chlorophyll ﬂuorescence measure-
ments were made following standard technique [41]. The maxi-
mum potential photochemical efﬁciency deﬁned as the ratio of
variable to maximum ﬂuorescence emitted by chlorophyll (Fv/
Fm) was estimated using a portable chlorophyll ﬂuorometer
PAM-2100 (Heinz Walz, Germany). The plants were dark adapted
for 20 min prior to measurement. Maximal ﬂuorescence under
light exposure (Fm’) was obtained by imposing 1s saturating ﬂash
to the leaf in order to reduce the entire PS II reaction centre after
attaining steady state ﬂuorescence (Ft). Minimal ﬂuorescence
immediately after light exposure (Fo0) was determined by impos-
ing dark while a far red light was simultaneously switched on to
oxidize PS II rapidly by drawing electrons from PS II to PS I.
4.8. Total estimation of ﬂavonoids, alkaloids and phenol content in
transgenic tobacco
For phytochemical analysis, quercetin, 4-hydroxy 1-methyl
quinolone and kaempferol were purchased form Sigma–Aldrich,
India. Alkaloid content was determined gravimetrically. Three to
four grams of WT and transgenic leaves were treated three times
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up to 100 ml with 5 N HCL. After centrifugation the supernatant
was collected and treated with chloroform four times to extract
the acidic solution. The pH of acidic layer was adjusted to
9.0 ± 0.5 with ammonia solution and again treated with chloroform
four times. The chloroform layer was washed with water and then
passed through anhydrous sodium sulfate. After complete evapora-
tion of the chloroform, the residue was kept in an oven maintained
at 60 C until a constant weight is obtained. The weight of total
alkaloid was then determined by following formula.
Weight of the residue obtained
Weight of sample taken
 100
¼ % w=w of Total alkaloids:
For the estimation of total phenols, the method described by
[42] was modiﬁed. Aliquots of methanol containing 0.6 mg sample
extract were mixed with diluted Folin–Ciocalteu reagent and
sodium carbonate solution (7.5% w/v) in a ratio of 1:5:4 and kept
in the dark for 30 min. The absorbance of the mixture was mea-
sured at 750 nm. A calibration curve was established with different
concentration of tannic acid for estimating the total phenolic con-
tent in the samples. Concentration of total phenolic was expressed
as mg of tannic acid equivalent (TAE)/g DW.
Flavonoid content was determined by HPLC. For sample prepa-
ration, three grams of powdered WT and transgenic leaf samples
were extracted two times with 15 ml of methanol for 20 min each.
Then the ﬁltrate was combined, concentrated and made up to
10 ml with methanol. For standard, 1 mg/ml of quercetin was pre-
pared in methanol. The samples were eluted in a Phenomenex-
Luna 5l C-18(2) (250  4.60 mm, 5 lm) column in gradient mode
with mobile phase A as acetonitrile and mobile phase B consisting
of water and phosphoric acid (100:0.1 v/v). The UV detection
wavelength was set at 370 nm (the maximum absorption wave-
length of quercetin). The ﬂow rate was 1.5 ml/min and the column
temperature was maintained at 25 C. 4-hydroxy 1-methyl quino-
lone was also determined by HPLC using the same method
described for ﬂavonoid quantitation and chromatogram was mea-
sured at 290 nm.
4.9. Statistical analysis
Three independent experiments, each one in triplicates, were
carried out in each case and representative data were shown. Stu-
dent’s t-test was used to analyze all the data presented as the
mean ± S.E. (n = 3) to compare the obtained parameters from trans-
genic andWT plants under normal or stress conditions. A P value of
0.0001 was considered to be statistically signiﬁcant.
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